We report an experimental and computational study of single-crystal NdFeO3, which features two inequivalent magnetic sublattices, namely, Fe and Nd sublattices that are coupled in an antiparallel fashion. This paper reveals that a strong interaction between 3d and 4f electrons of the two sublattices along with a spin-lattice coupling drives an extremely interesting magnetic state that is highly sensitive to the orientation and history of weak magnetic field. The following phenomena are particularly remarkable: (1) sharply contrasting magnetization M(T) along the a and c axes; (2) a first-order spin switching along the a axis below 29 K when the system is zero-field-cooled; and (3) a progressive magnetization reversal when the system is field-cooled. The intriguing magnetic behavior is captured in our first-principles density functional theory calculations.
I. INTRODUCTION
Emerging technologies are increasingly predicated upon the discovery of novel functional materials that exhibit striking physical properties such as spin switching and magnetization reversal. Materials such as rare-earth-based orthoferrites RFeO 3 (R = rare-earth element) are clearly of fundamental interest and technological importance for potential applications such as ultrafast photomagnetic recording, laser-induced ultrafast spin reorientation, 1 excitation of precession, 2 nonthermal spin dynamics, 3 inertia-driven spin switching, 4 and ambient multiferroics. 5 In particular, the spin dynamics of these spin-canted antiferromagnets dictated by the exchange interaction is approximately two orders of magnitude faster than those in metallic or insulating ferromagnets. 2 Certainly, looming in the future are possible device applications in such a class of materials. [6] [7] [8] [9] [10] However, before this is vigorously pursued, a better knowledge of their respective properties needs to be established.
RFeO 3 adopts an orthorhombic distortion with space group Pbnm and features two inequivalent magnetic sublattices, namely, 4f electron based R sublattice and 3d electron based Fe sublattice that are coupled in an antiparallel fashion. Noncollinear antiferromagnetism in the Fe sublattice gives rise to weak ferromagnetism 11, 12 in the orthoferrites 13, 14 at relatively high temperatures, while the R sublattice typically orders antiferromagnetically at much lower temperatures [note that there are a few noticeable exceptions for which the R sublattice magnetically orders at relatively high temperatures, e.g. ∼100 K or higher in SmFeO 3 (Refs. 5 and 15) ]. Since the exchange interaction of 3d electrons is considerably stronger than that of 4f electrons, the two sublattices exhibit different temperature dependence; and novel phenomena often emerge from the strong competition between the two magnetic sublattices. Nevertheless, the resultant magnetization M dictated by the strong coupling between 3d and 4f electrons includes contributions from both R and Fe sublattices: 14, 16 
where M 0 is the magnetization of the Fe sublattice, χ R is the paramagnetic susceptibility of the R sublattice, and H 0 is the exchange field at the R sublattice generated by the magnetic moment of the Fe sublattice. 14, 16 When M 0 and χ R have a different sign and follow different temperature dependence, Eq. (1) adequately explains the following phenomena observed in RFeO 3 : (i) the compensation temperature T comp at which M = 0 when |χ R H 0 | = |M 0 |; and (ii) the magnetization reversal when one of the two sublattices dominates the other at temperatures above T comp . As a matter of fact, this magnetization reversal was indeed observed in RFeO 3 where R = Er, Tm, Sm, [14] [15] [16] and other antiferromagnets, such as orthochromites, 17, 18 orthovanadates, 19, 20 and manganites. [21] [22] [23] The magnetization reversal, in which the direction of magnetization is opposite to that of the applied magnetic field, is not energetically favorable. The occurrence of the magnetization reversal in RFeO 3 is a clear manifestation that the magnetic ground state must be unstable and susceptible to small perturbations due chiefly to the strong competition between 3d and 4f electrons. Given the circumstance described above, it almost guarantees that extraordinary phenomena will occur when the magnetic state is probed in external magnetic field applied along different principal crystalline axes. It is this realization that has motivated us to investigate the magnetic properties of NdFeO 3, a prototype of RFeO 3 , both experimentally and computationally. This paper reveals a strong interaction between the Fe and Nd sublattices; this interaction along with spin-lattice coupling drives an extremely unstable magnetic ground state that gives rise to intriguing phenomena such as unusually large magnetic anisotropy, magnetization reversal, and spin switching when the magnetic state is probed at low magnetic fields. It is particularly intriguing that when NdFeO 3 is zero-field-cooled, the a axis magnetization M a (T ) undergoes a first-order transition leading to an abrupt, complete magnetization reversal, i.e. M a (T ) changes from −0.3 to 0.3 μ B /f.u. at a characteristic temperature T jump = 29 K. Furthermore, the isothermal magnetization for M a (H ) also features a first-order spin switching at a critical field H c that decreases with increasing temperature. These novel phenomena that are unique to NdFeO 3 constitute the central findings of this paper. The first-order transition in both M a (T ) and M a (H ) occurring at such a low temperature and magnetic field manifests an exceptionally delicate magnetic ground arising from the strong competition between the Nd and Fe sublattices. It is this magnetic ground state that we seek to understand.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
Single-crystal NdFeO 3 was grown using the floating zone technique. Details of single-crystal synthesis and characterization are described elsewhere. 24, 25 The compositional homogeneity and crystal morphology were analyzed by x-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive x-ray spectroscopy (EDX). All results confirmed the high homogeneity of all crystals studied. Measurements of magnetization as a function of temperature and magnetic field were performed using the Quantum Design Physical Property Measurement System, PPMS-9. Zero-fieldcooling (ZFC) and field-cooling (FC) processes were used to acquire the temperature dependence of the magnetization. The measurements were performed during the warming process. The cooling and measuring fields are both 100 Oe, unless explicitly specified.
We also carried out first-principles density functional theory (DFT) calculations on the basis of the generalized gradient approximation (GGA) method. 26 The projector augmented wave (PAW) pseudopotential 27 was implemented in the Vienna Ab initio Simulation Package 28 by explicitly treating 14 valence electrons for Fe (3p 6 3d 7 4s 1 ), and 6 for oxygen (2s 2 2p 4 ). Two different PAW pseudopotentials for Nd were used: one for which Nd has 11 valence electrons (5s 2 5p 6 5d 1 6s 2 ), and a second one for which 14 valence electrons were simulated for Nd ions (4f 3 5s 2 5p 6 5d 1 6s 2 ) that were allowed to carry the magnetic moments. Comparing results between these two cases can thus help us in better understanding the precise effect of the 4f electrons of Nd ions on physical properties of NdFeO 3 . We have tested GGA, Perdew-Burke-Ernzerhof revised for solids (PBEsol), and Perdew-Burke-Ernzerhof (PBE) functionals 29, 30 to relax the structure, and found that the calculated lattice parameters are reasonably close to experimental ones. When performing the structural relaxation, we calculated the forces on the ions, to be converged to 0.005 meV/Å. The structural relaxation does not significantly change the calculated magnetic moments, but the PBE/PBEsol functionals (and Hubbard U 31 ) can underestimate the magnetic moments with respect to experiment. This is also why we choose the GGA functional, which gives values closer to the measured magnetic moments. Moreover, from our experience, it seems that the electronic convergence is easier to be achieved when using GGA. We have also tested calculations both with and without Hubbard U applied to the Nd 4f and Fe 3d. We found that when we turned on U (U = 6eV for Nd and U = 4eV for Fe) the calculated magnetic moments were suppressed in magnitude by a factor of three. When turning off U , we still obtained a nonmetallic electronic structure with Fermi level located inside the band gap. We chose to mimic the orthorhombic Pbnm space group, by selecting a 20-atom cell and by adopting the lattice parameters experimentally found at both high and low temperatures (290 and 1.5 K, respectively). 32 All DFT calculations were performed using (i) a 6 × 6 × 4 Monkhorst-Pack k-point mesh centered at , 33 (ii) a 500-eV plane-wave cutoff energy, and (iii) noncollinear magnetism and spin-orbit coupling were included in the simulations, and symmetry was switched off during the computations.
III. RESULTS AND DISCUSSION
One of major characteristics of NdFeO 3 is the strong magnetic anisotropy that leads to starkly different temperature dependence of M a (T ) and M c (T ), as shown in Fig. 1 . The anomaly at T SR = 170 K marks an onset of a spin reorientation of the Fe sublattice that completes at 107 K (see shaded region in Fig. 1 ). 10 This spin reorientation leads to fascinating behavior at low temperatures. It is apparent that M a (T ) exhibits intriguing behavior that is highly sensitive to the history of the magnetic field at low temperatures (T < 29 K) whereas M c (T ) remains essentially unchanged in this temperature region.
We therefore focus our attention on M a (T ) at low temperatures. Here, M a (T ) exhibits drastically different temperature dependence at low temperatures when measured using ZFC and FC processes, as shown in Figs. 1(a) and 1(b). Complex behavior resulting from competing Fe and Nd sublattices at low temperatures deserves a close examination. In the ZFC case, with increasing temperature, M a (T ) decreases and then reaches zero at the compensation temperature T comp = 7.6 K before it becomes negative, as shown in Figs. 1(a) and 1(c) . The decrease in M a (T ) below T comp is attributed to the fact that the effective moment of the Nd sublattice decreases faster than that of the antiparallel Fe sublattice when temperature rises [see schematic arrows in Fig. 1(a) ]; the moment of the two sublattices becomes equal in magnitude but opposite in direction at T comp (=7.6 K), which explains the vanishing M a at that temperature. For T comp < T < 29 K, the moment of the Fe sublattice dominates that of the Nd sublattice, resulting in the negative M a , as shown in Fig. 1(a) .
Remarkably, M a (T ) exhibits a first-order transition at T jump = 29 K that leads to a sign change of the magnetization, i.e. M a (T ) jumps from −0.027 to +0.028 μ B . Such a firstorder transition is likely due to a spontaneous spin reversal of the Fe and Nd sublattices, as schematically shown in Fig. 1(a) . The net ferromagnetic vectors of the Nd and Fe sublattice are antiparallel to each other, with the ferromagnetic vector of the Nd sublattice being likely aligned with the applied magnetic field H , and both follow vastly different temperature dependence. Thus, increasing temperature facilitates a magnetization reversal below T < T jump (=29 K) since the magnetization of the Nd sublattice weakens much faster than that of the Fe sublattice. When temperature approaches T jump , both of the sublattices undergo a spin-flip transition to a more energetically favorable state with the direction of M a (T ) aligned with that of H ; and M a (T ) is now dominated by the Fe sublattice. This explains the first-order transition in M a (T ) [ Figs. 1(a) and 1(c) ]. Indeed, T jump decreases as H increases, When M a (T ) is measured in a FC sequence, spins of both sublattices are "locked up", thus a stronger field is required for the first-order spin-flip transition to occur; indeed, the transition at T jump becomes much weaker and essentially vanishes at H = 5000 Oe, as shown in Figs. 2(c) and 2(d). The fact that all these differences between the ZFC and FC M a (T ) occur below 5000 Oe corroborates a highly unstable magnetic state due to the strong competition of the two magnetic sublattices.
The isothermal magnetization M a (H ) is also characterized by a first-order spin switching at weak magnetic fields, as shown in Fig. 3 . The unsaturated M a (H ) suggests an underlying antiferromagnetic (AFM) state; 34 however, the first-order spin switching is apparently due to spin canting of the Fe sublattice. When T approaches T comp (=7.6 K), no hysteresis loop occurs because M a is essentially zero, as discussed above (Fig. 1) . The magnitude of the remnant magnetization at 5 K (0.019 μ B ) is smaller than that at 20 K (0.027 μ B ). Such temperature-induced reduction of the remnant magnetization shown in Fig. 1(a) sharply contrasts that in conventional magnets possessing a spin-canted structure such as BiFeO 3 . 11 It originates from the strongly temperature-dependent ferromagnetic vectors of the Nd and Fe sublattices that are antiparallel; note that 5 and 20 K are situated below and above T comp = 7.6 K, respectively.
We also examine the magnetic state by performing firstprinciples calculations. At T > T SR (=170 K), the Fe sublattice adopts a G-type AFM vector with the resulting AFM vector aligned along the a axis, which is denoted as the 4 spin state or (G x , F z ). 35 It is established that the spin-lattice interaction dictates the spin configuration and the tilting of Fe-O octahedra [see illustration in Fig. 4(a) made by Vesta software 36 in the Pbnm structural phase along with this AFM vector facilitates a Dzyaloshinsky-Moriya (DM) spin canting or weak ferromagnetic (FM) vector that is aligned along the c axis, 12 as shown in Fig. 1 . Here, the x and z axes are chosen along a and c axes, respectively. Our 0 K first-principles calculations for the 4 spin state, without considering magnetism due to the Nd sublattice, yields the following magnetic moments in Bohr magneton μ B for the four Fe ions, as shown in Fig. 4 : S Fe1 = (3.714, 0.028, 0.025), S Fe2 = (−3.714, −0.028, 0.023), S Fe3 = (−3.714, 0.027, 0.023), and S Fe4 = (3.714, −0.028, 0.025). The computations predict the existence of a net magnetization of 0.023 μ B for the 4 spin state, which is reasonably consistent with the experimental result of M c ∼ 0.03 μ B displayed in Fig. 1(a) (especially when it is interpolated to 0 K). In essence, the computational results endorse the 4 spin state for T > T SR , where the weak ferromagnetism arises from the Fe sublattice.
The ferromagnetic moment clearly undergoes a gradual spin reorientation from the c to the a axis as temperature decreases from 170 to 107K in the Fe sublattice, as illustrated in Fig. 1 ; this spin reorientation marks a crossover from the 4 to the 2 spin state. The 2 spin state or (G z , F x ) indicates that the Fe sublattice still retains the G-type antiferromagnetism but with the underlying antiferromagnetic vector rotated to the c axis from the previous a axis. Our 0 K first-principles calculations for the 2 spin state (neglecting again magnetism due to the Nd sublattice) produces the following magnetic moments in μ B : S Fe1 = (0.026, 0.024, −3.710), S Fe2 = (0.025, 0.024, 3.710), S Fe3 = (0.025, −0.024, +3.710), S Fe4 = (0.026, −0.024, −3.710). The net magnetization for the Fe sublattice amounts to 0.026 μ B , which is also reasonably close to the experimental value (and its interpolation to 0 K) of M a ∼ 0.035 μ B (Fig. 1 ) in the vicinity of 107 K where the crossover is completed.
As temperature further decreases, the exchange interaction H o becomes increasingly significant and causes a spin alignment of the weak ferromagnetic vector in the Nd sublattice that is antiparallel to that of the Fe sublattice; and both the sublattices obey starkly different temperature dependence with the Nd sublattice having stronger temperature dependence. In the above calculations, we start with (G z , F x ) or the 2 spin state of the Fe sublattice but use pseudopotentials for which the Nd sublattice produces no magnetic order. On the other hand, we now allow the Nd sublattice to adopt magnetism using a different set of pseudopotentials via the incorporation of 4f electrons in the valence shells. After convergence is reached, the Nd sublattice possesses a C-type AFM order with the AFM vector aligned with the b axis and a FM component collinear with the a axis. The final spin configuration features a coexistence 37 of both the (C y , F x ) spin structure for the Nd sublattice and the (G z , F x ) spin configuration for the Fe sublattice. It is interesting to know that starting the calculations with the (C y , F x ) spin structure for the Nd sublattice and no magnetic ordering for the Fe sublattice does not provide the (G z , F x ) orderings for the Fe sublattice after convergence is reached. Such results therefore strongly suggest that the occurrence and type of magnetic orderings of the 4f electrons of the Nd sublattice are induced by the 3d electrons of the Fe sublattice, while the ordering existing in the Fe sublattice has nothing to do with 4f electrons and their interactions with 3d electrons. The results of these calculations therefore confirm a strong exchange interaction H o between the two sublattices [see Eq. (1)], and it is this H o that induces the magnetic ordering in the Nd sublattice at low temperatures.
Moreover, the calculations of the phase possessing the (C y , F x ) arrangement for the Nd sublattice and the (G z , F x ) configurations for the Fe sublattice yield a weak ferromagnetic vector associated with the Nd sublattice that has a positive component of +0.062 μ B along the a axis, while the ferromagnetic vector in the Fe sublattice has a negative component of −0.015 μ B along that a axis (see Fig. 4 ). Therefore, the first-principles calculations indicate that the total positive magnetization of ∼0.03 μ B displayed in Fig. 1(a) (for the lowest temperatures) originates from the facts that the Nd and Fe sublattices have opposite ferromagnetic vectors and that the ferromagnetic vector of the Nd sublattice is larger in magnitude than that of the Fe sublattice at low temperatures.
IV. CONCLUSIONS
We have studied the magnetic properties of single-crystal NdFeO 3 both experimentally and computationally. All results indicate that the strong interaction between the two sublattices or d and f electrons along with the spin-lattice coupling renders an extremely unstable magnetic state; it is this instability that is highly susceptible to small perturbations and generates the intriguing phenomena such as the magnetization reversal and first-order spin switching, which constitute the central findings of this study.
